Hexafluoro-l,3 butadiene (C4F6) is a potential etching gas with a very low global wanning potential for the manufacturing of semiconductors, unlike commonly used fluorocarbon gases such as CF4 and c -C4Fg. We report ion energy distributions, relative ion intensities and absolute total ion current densities measured at the edge of an inductively coupled gaseous electronics conference radio-frequency reference cell for discharges generated in pure C4F6 and C4F6:Ar mixtures. In addition, the ratio of radical densities relative to CF measured using submillimeter absorption spectroscopy and optical emission spectroscopy measurements are presented. These measurements of the C4F6 plasmas were made for several different gas pressures (0.67, 1.33, and 2.66 Pa) and gas mixture ratios (25%, 50%, 75%, and 100% C4F6 volume fractions).
I. INTRODUCTION
Low pressure radio frequency (rt) fluorocarbon discharges are commonly used in the manufacturing of microelectronics. Typically, saturated fluorocarbon gases such as CF4 or c -C4F g have been used, particularly with the etching of silicon and silicon dioxide. Unfortunately, there has been a growing concern over the ecological impact of these manufacturing processes. The 100 yr integrated global wanning potential (GWP 100) relative to C02 for many of the commonly used fluorocarbon gases (CF4 5700, c -C4Fg 11299, and CHF3 14800) 1 are quite large and the concentration of these gases in the atmosphere has been consistently growing in recent years. Consequently, there has been an effort to identify alternative gas chemistries that are more environmentally benign. This not only includes reducing the environmental hazard of the initial feed gases used, but also reducing the total global wanning impact of the etching process effluents.
One potential alternative etching gas is 1,3 hexafluorobutadiene (C4F6)' This unsaturated fluorocarbon isomer of C4F6 has a chemical structure consisting of a zigzag chain of four carbon atoms. The central two carbon atoms have a single interconnecting atomic bond between them while double bonds attach the outer carbon atoms (CF2 = CF -CF = CF2). The global wanning potential of this gas is so low (GWPI00=0.027) 2 that it is typically ignored in global wanning impact calculations. An initial study by ChatteIjee et al. demonstrated an 80% decrease in global wanning plasma emissions from a C4F6 based etching process when compared to a standard C3Fg etching process.3 This article will report on the ion and neutral densities within a high-density, inductively coupled plasma (ICP) source operating with pure C4F6 and C4F6:Ar mixtures for several different pressures and gas mixture ratios. a)Author to whom correspondence should be addressed. The plasmas examined in this paper were created in a modified inductively coupled gaseous electronics conference (GEC) reference cell.4,5The plasma source, along with the ion-energy analyzer and mass spectrometer, are shown schematically in Fig. 1 . The plasma is created with a flat five turn spiral coil separated from the plasma by a 9.5 mm thick fused silica vacuum interface. An additional fused silica confinement ring is attached to the coil assembly to improve the plasma stability and increase the operating range. The feed gas enters the cell through one of the 2.75 in. side flanges and is pumped out through the 6 in. port attached to a turbomolecular pump. The gas pressure is maintained by a variable gate valve between the pump and the GEC cell. The gas flow was maintained by mass flow controllers at 3.73 or 7.45 JLmol/s (5 or 10 sccm). When gas mixtures are used, the percentages reported in this article are based on the volume fraction of the gases.
The discharge was generated by applying a 13.56 MHz voltage to the coil through a matching network. The rf power values presented in this article are the net power to the matching network driving the coil. The actual rf power dissipated in the plasma has been detennined to be approximately 80% of the power listed.5 The lower electrode was water cooled (20°C) and grounded to the vacuum chamber. A 137.9 mm diam stainless steel plate with a bare 100 mm diam silicon wafer on top was centered on the lower electrode. A gap of approximately 2.54 cm exists between the lower electrode and the quartz confinement ring.
B. Mass spectrometer and Faraday cup
The energy analyzer/mass spectrometer was mounted on a side port as shown in Fig. 1 with the inlet orifice grounded. In order to sample the ions closer to the center of the discharge, an extension has been added to the end of the mass spectrometer.6 The ions are therefore sampled through a 10 JLm diam hole located 9.5 mm above the steel plate and 46 mm from the radial center (11 mm inside the inner diameter of the confinement ring). The resolution of the energy analyzer [full width at half maximum (FWHM)] was 1 eV, and the uncertainty in its energy scale is estimated to be :t 1 eV. Ion intensities were adjusted to account for previously measured variations in ion transmission as a function of ion mass.? After such adjustments, the ion transmission is estimated to be uniform to 20% over the range of ion masses and ion energies studied here.
To calibrate the ion fluxes measured by the mass spectrometer, a Faraday cup was mounted on a 2.75 in. side port. The 1.59 mm diam aperture at the inlet of the Faraday cup was positioned at the same radius and height as the mass spectrometer orifice. The dc current measured when the cup was dc biased at -20 V was divided by the area of the aperture to obtain the total ion current density. This value was then used to normalize the relative ion fluxes measured by the mass spectrometer.
c. Submillimeter absorption diagnostic
Submillimeter absorption spectroscopy is a new diagnostic being developed at NIST for monitoring the neutral radicals in semiconductor processing plasmas.8 Submillimeter radiation couples to the rotational spectra of molecules, as opposed to the vibrational modes probed by infrared radiation and electronic states by ultraviolet (UV) radiation. Almost all noncentrosymmetric molecules that have an intrinsic electric dipole moment have strong absorption spectra in this frequency region. The measurements presented in this paper are some of the earliest measurements using this technique on etching type plasmas and the diagnostic is still undergoing further development.
The submillimeter radiation source for these measurements was a backward wave oscillator (BWO). This continuous wave electron tube device acts as a voltage controlled frequency source. It can be referenced to an atomic clock or crystal oscillator for exceptional frequency metrology. The radiation has a linewidth on the order of 10kHz. The particular BWO used with these measurements had a spectral range from approximately 450 GHz to 650 GHz. With this single source, it is possible to measure the absorption spectra from almost all the molecules of interest. The submillimeter radiation transmitted through the plasma is detected with a liquid helium cooled Nd bolometer.
Second harmonic frequency modulation (FM) was used to detect the molecular absorption signals. Two typical absorption spectra are shown in Fig. 2 . Use of the second harmonic FM technique improves the resulting signal to noise ratio, but also eliminates the dc background transmission necessary for absolute density calculations. The experimental data was fitted with a model function based on the second derivative of a Gaussian line shape with a third order polynomial background. This second derivative approximation works well as long as the FM depth is small compared to the absorption linewidth. The approximation significantly reduces the computational time necessary to analyze the signals compared to a more accurate modeling of the FM signal from a Voigt line shape.
The optical transitions used for measuring the radical densities are shown in Fig. 2 . The transitions were 538.420 6921 and 538.427 1924 GHz for CF, 538.481 47 and 545.380 3254 GHz for CF2, 545.342 6713 GHz for COF2, and 545.3706 GHz for SiF. Except for SiF, line strengths for these molecular transitions have been calculated or found in the literature9,10for a temperature of 300 K. Measurements of the Doppler width with the BWO in the present experimental configuration has consistently found temperatures close to or only slightly above room temperature. By taking ratios of the transitions, the uncertainty in the BWO intensity and optical path length can be eliminated. The error bars of all the submillimeter based measurements are not calculated from the standard deviation of multiple measurements, but from the maximum residual between the curve fit and the original data. While this does not give a true measure of the uncertainty in the data, it does give a rough estimate of the how well the model fitted the data and the reliability of the measurements.
Other plasma diagnostics, such as laser induced fluorescence, have found rotational gas temperatures (> 500 K) significantly higher than room temperature in similar ICP sources.ll-13 This implies that the submillimeter absorption measurements are preferentially sensitive to cooler gas in the region surrounding the plasma. This is in part due to the geometry of the vacuum chamber used in these measurements. The path length through the surrounding gas is two times as long as that through the actual plasma. This is much different than what would be found in most commercial etching reactors. In addition, .the density of the plasma gases is inversely proportional to the temperature and the signal amplitude is even further reduced due to the increased Doppler linewidths. As a result, the gas in the plasma makes only a small contribution to the total line-integrated submillimeter absorption signal.
D. Optical emission
Optical emission from the plasma was collected with a quartz optical fiber which viewed the plasma through a quartz window on a 2.75 in. flange. No collimating optics were used so that spatially averaged light from the entire plasma volume was collected. The spectra were then measured with a small optical multichannel analyzer. The data .were not corrected for wavelength dependent transmission and detection efficiencies. The spectrometer response function had a FWHM linewidth of 1.5 nm.
III. RESULTS AND DISCUSSION
A. Pure C4F6 Figure 3a shows the mass spectrum of the ions produced in a pure C4F6 plasma at 1.33 Pa (10 mTorr) and 200 W. CF+ is the dominant ion, but there are significant contributions from CF; and from the SiF; ICOF; ions. Although electron-impact ionization cross sections have not been measured for this isomer of C4F6, comparison with ion yields produced by 70 eV electron bombardment [ Fig. 3(b) ] shows a marked dissimilarity in the relative yields of aliphatic ions such as C3F; and C4Ft (not shown), which are almost completely absent in the plasma. The relatively low. molecular weight of the plasma ions suggests a high degree of dissociation of the parent gas, and the significant proportion of ions which contain either Si or 0 indicates a considerable contribution from surface reactions to the overall ion chemistry. This is very different from inductively coupled CF4 discharges measured in the same chamber which showed ion mass distributions that could be attributed mainly to direct electron impact of the feed gas,14but is similar to other fluo- rocarbon etching gases such as CzF 6 and c -C4F S' 15 It is worth noting that electron attachment to C4F6 occurs at low energies with appreciable rates,16,17and presents a likely decomposition channel that is of much lesser importance in CF4' The total ion flux of these C4F6 discharges are approximately 1 order of magnitude lower than what we have previously measured for CZF6 and c-C4Fs (2 -to 5 mAl cmZ). 15These measurements were made from the center of the lower electrode without a fused silica confinement ring present. The inductively coupled GEC reference source has a relatively strong radial variation in the plasma density as measured previously with Langmuir probes and optical emission tommography.IS,19Switching the measurement location from the plasma center to the edge without the confinement ring drops the measured ion flux by a factor of 4. The fused silica confinement ring will also reduce the ion flux escaping to the edges of the plasma. In addition, C4F6 is a highly polymerizing plasma. This could result in the depostion of an insulating film on either the mass spectrometer or the Faraday cup introducing a systematic error. Consequentially, greater emphasis should be placed on the relative ion densities than on the quoted absolute values presented in this article.
The resolution of the mass spectrometer is not sufficient to distinguish between the Si and CO masses, so there re- mains an uncertainty to the identity of the SiF; ICOF; ions. Etching of the fused silica window and confinement ring beneath the induction coil could be a source of both oxygen and silicon for the plasma. Because no rf bias is applied to the lower electrode, a relatively thick fluorocarbon layer is deposited on the silicon wafer which should limit the wafer as a source of silicon in the plasma.2°Additional oxygen could come from the dissociation of water vapor in the plasma chamber, but if this were a significant source there should be more hydrogen containing molecular ions such as HF+ within the plasma. Utilizing the isotopic ratios to distinguish between CO and Si containing molecular ions produced inconsistent results. The isotopic ratios measured with the mass spectrometer indicate that the lowest mass ions (28 u) are mostly CO+ molecular ions, while the higher mass ions seem to be almost entirely SiF: molecular ions. Although the lower electrode is cooled, the current experimental setup does not ensure good thermal contact between the wafer and the electrode and consequently the wafer surface may become heated and affect the silicon etch rate. This could become a significant issue if the lower electrode is biased resulting in a significant ion flux to the silicon surface. Representative ion energy distributions (IEDs) of the five most abundant ions are shown in Fig. 4(a) . It is clear that the measured ion energy distributions are being significantly modified by the time varying sheath electric fields. Figure 5 shows the ion flux dependence on pressure. The overall ion flux shows a decrease with increasing pressure over the range from 0.67 to 2.66 Pa (5 -20 mTorr). This is consistent with most of the fluorocarbon gases previously studied in this plasma source, except for C2F6. 14,15,23 The total flux was significantly lower than the other fluorocarbon gases measured in the same vacuum chamber and is probably due to sampling the flux from the side of the plasma instead of through the center of the grounded lower electrode. CF+ remains the dominant ion over the entire pressure range, but there are strong contributions from the other molecular ions. The submillimeter absorption spectroscopy results differed from the ion mass spectroscopy. This is shown in Fig.  7 . The CF2 radical is significantly more abundant than CF and the ratio increases with increasing pressure. This is probably due to the enhanced sensitivity to the region outside of the plasma. The path length through the cooler region outside the plasma is approximately twice as long as the path through the hotter, less dense gas in the actual plasma. CF2 molecules can also be produced by surface reactions as well as collisional dissociation. CF2 produced at surfaces is probably diffusing from the outer walls towards the plasma where it is dissociated by the plasma. Consequentially, the CF2/CF ratio is probably smaller in the actual plasma. The density of COF2 is comparable to that of CF, but the signal-to-noise ratio of the measurements is much poorer due to lower sensitivity for the COF2 molecules. Accurate line strength data for SiF are not currently available, so the SiF/CF ratio could not be put on an absolute ratio scale. But both the COF2 and SiF ratios show similar trends of increasing density relative to CF with increasing pressure. Since both COF2 and SiF radicals are present in the plasma, this may indicate that analogous ion fluxes are mixtures of COF; and SiF; . Figure 8 shows a typical optical emission spectroscopy measurements obtained from the plasma. The optical spectra are dominated by the molecular carbon Swan bands along with bands from SiP. There is an additional band peaking around 405 nm which is probably due to C3. Small atomic transition lines can be observed from both fluorine in the red and silicon in the UV. Several very weak signals around 260 nm may also be due to CF2. The may indicate developing conditions favorable for the growth of carbon particulates.
B. C4F6 :Ar mixture Figure 9 shows the total ion flux and flux of component ions for an inductively coupled plasma sustained in C4F6:Ar gas mixtures with a pressure of 1.33 Pa (10 mTorr) at 200 W. The total ion current demonstrates a slow decrease with increasing C4F6 input concentration. This is probably due to increasing power being necessary to dissociate the molecular components. In the mixtures, the dominant ion was always Ar +, although the ion flux was dropping proportionally with decreasing percentage of Ar. CF+ had the second highest flux followed by CF~, SiF+ ICOF+, and SIP; ICOF; which ..-... all had similar ion fluxes. Except for Ar+ and C+, all the ion fluxes increased with increasing percentage of C4F6' It is interesting to note that although the fluxes of both CF+ and CF~increased almost proportionally with C4F6 addition from 25% C4F6 to 75% C4F6, the fluxes of both ions showed a similar leveling off as the mixture approached 100% C4F6, whereas the flux of CF; continued to increase in proportion to C4F6 addition. Figure 10 shows the total ion flux and the flux of component ions for an inductively coupled plasma sustained in a 50% C4F6 :50% Ar mixture at 200 W as a function of gas pressure. The magnitude of the total ion flux exhibits a slight downward trend over the pressure range from 0.67 to 2.66 Pa (5 -20 mTorr), similar to that observed in other fluorocarbon:argon mixtures.14,15,23 The dominant ion under all conditions is Ar+, similar to the behavior of CHF3. As with the case of pure C4F6, the total flux was significantly lower than the other fluorcarbon gases measured in the same vacuum chamber.
Of particular interest is the differing behavior of the CF; and SiF; /COF; ions. As with the pure C4F6 discharges, there is a general shift in the ion composition from fluorocarbon ions to secondary ions which originate from etching byproducts as the pressure is increased, again underscoring the contributions of these processes to the overall ion chemistry. The fluxes of most of the fluorocarbon ions decrease with increasing pressure with the exception of CF; , which showed a slight increase at the highest pressure. The SiF; molecular ions showed the exact opposite behavior, increasing ion flux with increasing pressure. The fluxes of atomic ions (except Ar) were very small and strongly decreased with increasing pressure. Pa plasmas for several C4F 6 :Ar gas mixtures. Figure 11 shows representative IEDs of CF+ for C4F6:Ar mixtures for various plasma conditions. The average energies of these IEDs are roughly 5 V lower than those for the pure C4F6 discharges shown in Fig. 6 . In addition, the IEDs are narrower and at the lowest pressure (0.67 Pa) the dual peak lED is beginning to combine into a single peak as shown in Fig. 12 . Figure 13 shows how the width of the plasma potential oscillations, determined from the curve fitting procedure described previously, changes with pressure and percentage of C4F6' Increasing the percentage of C4F6 in the plasma increases the peak to peak voltage oscillations. Increasing the flow rate seems to increase the amplitude of the oscillations slightly. The dependence on pressure was more complicated. The pure C4F6 plasma potential oscillations had a maximum at 1.33 Pa while the 50% C4F6 mixture continued to increase with pressure. These values are significantly larger than those measured directly using a wire loop probe in Ar and CF4 discharges (on the order of 1 -2 V).6,24 We have not directly measured the plasma oscillations in other more similar fluorocarbon discharges, but the lED There appears to be a large contribution of capacitve coupling to these discharges, probably related to the high electronegative nature of these plasmas. The neutral radical ratios measured with the submillimeter absorption diagnostic are shown in Fig 14. The CF2/CF ratio increases from approximately 10 to 16 as the percentage of C4F6 changes from 25% to 100%. It is also clear that increasing the flow rate also increases the CF2/CF ratio in this relatively low flow rate range. The signal-tonoise ratios of the COF2 and SiF signals are unfortunately too low to make any significant comments about how their ratios change with the varying C4F6 gas mixture.
The optical emission spectra of the C4F6:Ar mixtures is very similar to the pure C4F6 plasmas with the addition of strong Ar transitions in the red region of the spectra. With a 50% C4F6 :50% Ar mixture, the OES signals have similar behavior with pressure as the pure C4F6 plasma with the exception of SiF band which continues to increase with increasing pressure. The Ar transitions have a maximum at the intermediate pressure of 1.33 Pa. One significant difference is the ratio of the C3/C2 signals, which decreases with increasing pressure. This may indicate that the addition of Ar to the plasma might help suppress the growth of carbon particulates. Pa for a 50% C4F6 :50% Ar mixture at two different flow rates. The SiF/CF ratio is not on an absolute scale. The error bars do not represent the true statistical uncertainty of the measurements, but were determined from the maximum residual between the model line shape and the original data.
IV. SUMMARY
The mass-analyzed ion flux densities have been measured for inductively coupled rfplasmas in pure C4F6 and in mixtures of C4F6 with Ar. The dominant ion in pure C4F6 was CF+ and in the C4F6:Ar mixtures it was Ar+ with CF+ as the most abundant fluorocarbon ion. In all cases, there were strong ion fluxes due to etching byproducts (SiF; ICOF;) even though there was no bias applied to the lower electrode. The etchant ions CF; tended to exhibit trends different from the etching byproducts SiF; ICOF; as plasma conditions were varied. The higher mass carbon molecular ions (C;) increased relative to the lighter carbon ions Benck, Goyette, and Wang 1389 (C+, C;) as gas pressure increased and may indicate the development of plasma conditions suitable for carbon particulate growth. Similar behavior was also seen in the optical emissions of C3 and Cz.
The submillimeter absorption measurements found that CFz density was approximately ten times greater than CF. The etching byproduct COFz had a density comparable to CF. SiF/CF ratio could not be put on an absolute scale, but showed similar trends as COFz ICF ratio as plasma conditions were varied.
The ion energy distributions functions were double peaked,.showingthat the ions crossing a ground sheath are significantly modified by the time varying electric fields. Analysis of the lED widths showed that the plasma potential oscillations increase with increasing C4F6 concentration. The plasma potential oscillations did not monotonically increase with increasing pressure in a pure C4F6 discharge, but did in a 50% C4F6:50% Ar mixture. 
